Background: Radionecrosis is a complication of nasopharyngeal carcinoma (NPC) 
R
adiation therapy and concurrent chemoradiation therapy are the treatments of choice for nasopharyngeal carcinoma (NPC) because this anatomic region is relatively inaccessible with surgery. 1 Radiation therapy has a high response rate and long-term survival; however, it can also induce some mucosal change 2 and/or devastating complications, e.g., radionecrosis. 3, 4 This necrosis could spread from the mucosa to the parapharyngeal tissues or the skull base. Survivors with radionecrosis sometimes develop severe headache and foul odor, both of which negatively impact their quality of life. The correct diagnosis and adequate treatment for radionecrosis are critical in the prevention of further, catastrophic, complications, e.g., carotid artery rupture. 5 Endoscopic debridement of radionecrosis had several favorable outcomes. 3, 4 However, endoscopic debridement without flap reconstruction has several limitations. One limitation is that several debridements are typically required before healing is complete. In addition, if either the carotid artery or the dura is exposed after the debridement, then there is a risk of compromise and subsequent carotid rupture or meningitis, respectively. Extensive osteoradionecrosis can be treated with a maxillary swing approach and free muscular flaps. 6 However, this technique is limited by technical difficulties, a long surgical time, and wound problems. In contrast, an nasoseptal flap (NSF) has been shown to be versatile and reliable for endoscopic skull base reconstruction. Therefore, we used the NSF in resultant defect reconstruction after endoscopic debridement. The aim of this study was to demonstrate the effectiveness of an NSF in the reconstruction of a nasopharyngeal or skull base defect after endoscopic debridement of radionecrosis.
METHODS

Patients
This retrospective study was approved by the institutional review board of Samsung Medical Center. We collected data from nine patients in whom endoscopic debridement was performed for nasopharyngeal radionecrosis and NSF reconstruction between 2013 and 2016. Radionecrosis was diagnosed before surgery based on radiation history for NPC, clinical features (including headache and/or foul odor), endoscopic findings, and radiologic studies (such as computed tomography and magnetic resonance imaging). After debridement, the patients with pathology-confirmed recurrent tumor were excluded. G. Ryu and Y.K. So contributed equally to this work.
Radionecrosis Staging
Each patient with radionecrosis was classified as being in the early, middle, or late stage (Fig. 1) . The early stage of radionecrosis was defined by mucosal necrosis alone, whereas the middle stage involves the mucosa, muscle, and tendon. The late stage represents osteoradionecrosis, which results in exposed bone and sequestration. 3 
Surgical Techniques
All of the enrolled patients underwent endoscopic radical necrectomy with image-guided surgery. After performing a frozen biopsy to exclude tumor necrosis, wide debridement was performed by using curettes and a microdebrider or Coblator (Coblator II, Smith & Nephew, Memphis, TN). After debriding the devitalized soft tissues, an endoscopic drill was used to remove the necrotic skull base bone. Careful attention was paid when debriding on the posterolateral side to avoid carotid artery rupture. If the
carotid artery was surrounded by necrotic tissue, then this necrotic tissue was intentionally left behind. After debridement, we performed massive povidone-iodine irrigation. We then resurfaced the defect with pedicled NSF based on the nasoseptal artery, which is a branch of the posterior septal artery. 7 NSF was usually elevated from the opposite side of the main lesion because the pedicle could be damaged when performing debridement around the eustachian tube. The NSF was elevated from the mucocutaneous junction (caudal septal margin), including the nasal floor for wider width. In five patients, the resultant septal donor site was covered by using an anteriorly based reverse rotation flap. 8 The exposed donor cartilage did not heal well due to the radiation effect in the first several cases; therefore, we later used the reverse flap to cover the area with healthy mucosa. Gelfoam (Pfizer Inc, New York, NY) pledgets and Merocel (Medtronics Xomed, Jacksonville, FL) nasal tampons were used to bolster the area and deter flap detachment. The nasopharynx was packed for 7-10 days. After the packing was removed, the patients were instructed to self-irrigate the area with saline solution.
RESULTS
Patient Demographics
The demographic and clinical characteristics of the nine patients are summarized in Table 1 . Between 2013 and 2016, a total of 17 patients were clinically diagnosed with radionecrosis. The patients in four cases were confirmed to have had a recurrence based on the pathology report. Four defects were not covered by an NSF because the necrosis was in an early stage. Also, 9 of these 17 patients were enrolled in our study: 8 men and 1 woman. The mean period from the last radiation therapy to debridement was 9 months (range, 4-40 months). The median follow-up period after debridement was 11 months (range, 5-33 months). One patient received three radiotherapy courses, four received two courses, and another four received one treatment course. The mean cumulative dose of radiation therapy was 10181 cGy (range, 6600-19,650 cGy).
All the patients were either undergoing or had undergone adjuvant chemotherapy. All the patients had headache at their initial presentation of radionecrosis. Eight of the nine patients had subjective and objective foul odor as well. On endoscopic examination, seven patients demonstrated stage 3 necrosis (osteoradionecrosis). Two patients had stage 2 necrosis, which indicated muscle and tendon involvement. The patient in case 8 had cervical instability caused by necrosis of the cervical spine; therefore, this patient underwent endoscopic debridement after posterior occipitocervical fusion (Fig. 2) . The patients in cases 6 and 9 experienced dysphagia, which was caused by oro-and hypopharyngeal swelling and cranial nerve X palsies. The patient in case 2 had left cheek numbness, which was caused by cranial nerve V palsies. This numbness resolved after debridement.
Individual Surgical Results
After the NSF was elevated and posterior bony septectomy was completed, the anteriorly based reverse rotation flap was performed. The posterior septectomy creates sufficient corridors for binostril four-hand surgery without bare septal cartilage. A 4-mm, 0°endo-scope was used to debride the necrotic soft tissues and to drill the necrotic skull base bones. A unilateral NSF was placed in eight patients, whereas one patient (case 9) received bilateral NSF for bilaterally exposed carotid artery coverings. In the patients in the first two cases of NSF placement (cases 1 and 2), the NSF fell away from the debridement bed. After this, the next seven flaps covered the resultant defects without complication. The patient in case 1 (who experienced flap detachment) experienced carotid artery rupture 1 month after endoscopic debridement, which was managed with embolization. This patient then underwent repeated debridement by using the maxillary swing approach 6 and anterolateral thigh free flap reconstruction (Fig. 3) . 
D O N O T C O P Y
Despite very careful dissection around the carotid artery, there was intraoperative carotid artery rupture in one patient (case 9). After coil embolization, the patient fortunately had no neurologic deficits due to cerebral collaterals. There were no other intra-or postoperative complications. After endoscopic debridement with NSF, only two patients required an additional debridement (case 1, NSF failure case; case 6, necrosis extended to the oropharynx where the NSF could not cover). After surgery, all the patients experienced improved headache and resolution of the initial foul odor. The cranial nerve X palsies (in patients in cases 6 and 9) did not recover, whereas the cranial nerve V palsies (the patient in case 2) partially improved. Postoperative endoscopic evaluation demonstrated complete or nearly complete mucosal healing in seven patients, with successful NSF covering (Fig.  4C-N) . The mucosal status of the patient in case 2 was partially necrotic. The pre-and postoperative endoscopic images are shown in Fig. 4 A and B . The patient in case 1 experienced mucosal necrosis and underwent revision debridement by using the maxillary swing approach (Fig. 3) .
DISCUSSION
The incidence of postradiation nasopharyngeal necrosis is rare (only 0.8-1.1%). 3, 9 Therefore, there is no criterion standard treatment for this occurrence. Viable options in the management of radiation nasopharyngeal necrosis include conservative management, endoscopic debridement, endoscopic sequestrectomy, hyperbaric oxygen therapy, and radical sequestrectomy with vascularized flap. The most commonly applied treatment is conservative management with repeated endoscopic debridement. 4 However, repeated debridements are limited by incomplete removal of necrotic tissue and difficulties related to resurfacing the skull base bone, dura, or carotid artery. Exposure of the internal carotid artery is the worst prognostic factor of nasopharyngeal radionecrosis. 3, 9 Therefore, the protection of the internal carotid artery is one of the most important surgical goals in cases of nasopharyngeal radionecrosis. The pathophysiology of radionecrosis is unclear. However, hypoxia, hypovascularity, and hypocellularity are thought to be involved in its development. 10 Radionecrosis can be aggravated by secondary infection because the necrotized mucosa does not have the barrier function of healthy mucosa. Therefore, resurfacing the nasopharynx with vascularized tissue is important for avoiding secondary infection and helping with revascularization.
A number of studies described the use of open surgery, followed by a vascularized flap in the treatment of radionecrosis in head and neck cancers. 6, 11, 12 Although a free muscular flap is reliable and an appropriate size for the defect, the surgical approach (such as the maxillary swing approach) is very invasive and difficult to perform. The advancement of endoscopic skull base surgery has allowed for careful management of skull base lesions adjacent to vital structures, such as the carotid artery and the brain. The main advancements in endoscopic skull base surgery include image guidance and development of reconstruction options, e.g., NSF. Image-guided surgery systems are useful for avoiding critical structures. The NSF pedicled by the posterior septal artery reduced postoperative cerebrospinal fluid leak and wound complications. 7 These two methods were used in this case series. Image guidance allowed for more-complete debridement. In addition, the NSF could resurface the nasopharyngeal defect after debridement.
In this study, the first two flaps were unsuccessful in that they did not survive or adequately cover the defects. In the first two failed cases, there was no need to support the flap because there was no cerebrospinal fluid pressure, unlike endoscopic skull base reconstruction. Although there was no intracranial pressure; the first two flaps fell away from the resultant defect. After the first two flaps failed, Gelfoam and Merocel were used to support the subsequent flaps for 7-10 days. The subsequent flaps were well positioned and survived. So, bolstering the NSF with packing material was critical for this unhealthy debridement bed. In the patient in case 6, the entire defect could not be covered with the flap because the necrosis spread to the oropharynx. Although a septal flap can cover the upper oropharynx, the lower oropharynx can be left exposed and should be treated with repeated dressings.
There were two cases of patients with internal carotid artery rupture (cases 1 and 9). Case 1 involved failure of the NSF, whereas case 9 involved an intraoperative carotid rupture. In the patient in case 1, the septal flap failed ϳ2 weeks after endoscopic debridement. The necrosis was progressing, and the carotid artery was in danger. This patient was treated conservatively, but, unfortunately, experienced carotid rupture. Based on this complication, it is important to recognize that surgeons must consider salvage surgical options in the case of NSF failure, such as an external approach with muscle flap reconstruction. In the patient in case 9, despite very careful dissection around the internal carotid artery, the wall of the carotid artery was weakened and eventually ruptured. The defect was packed with TachoSil (thrombin human and fibrinogen) (Takeda Pharma A/S, Roskilde, Denmark) and Gelfoam, and was covered with the NSF; however, a pseudoaneurysm eventually developed 3 days after surgery. After the occlusion test, we embolized the internal carotid artery. The patient fortunately survived, without any neurologic complications. 
D O N O T C O P Y
The internal carotid artery could be vulnerable to damage during debridement; therefore, surgeons must be prepared to control bleeding in the case of internal carotid compromise and should maintain close contact with intervention radiologists. We performed five anteriorly based reverse rotation flap procedures 8 to decrease donor-site morbidity because exposed cartilage in the radiation field could be necrotic more easily than in the case of skull base reconstruction. Although NSF seems useful for resurfacing the debridement bed, surgeons have to know and prevent its potential complications, such as septal perforation, prolonged crusting, and cartilage necrosis. 13 
CONCLUSION
The reconstruction by using an NSF was an appropriate option for treatment of radionecrosis after complete endoscopic debridement in the nasopharynx. Regardless, when such a procedure is planned, it is critical to be aware of and prepared for potential complications, e.g., internal carotid artery rupture.
D O N O T C O P Y
